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SUMMARY

The doxnwash angle and i1ts rate of change with foil angle are derived
for a hydrofoil moving under a free surface disturbed by sea waves. By means
of a linearized analysis, the downwash and its rate of change are found to
be the sum of the values determined for motion under an undisturbed free
surface und a sinusoidal time-deperdent component due to the sea waves. The
ghase angle and frequency relationships for the time-dependent components

are found for both following-sea and head-sea conditions.
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INTRODUCTION

In order to study the stability of a tandem hydrofoil system in
waves, 1t 1s necessary to determine the forces acting at the rear foil
and their derivatives. The rear foil will be in a flow field composed
of the wave system through which the configuration moves aitd of the wake
of the forward foil. Since the force derivatives for the rear foil are
aifected by the downwash through inclusion of terms invelving de/da (rate
of change of downwash angle with respect to angle of attack of the for-
ward foil) in the equations of motion (Reference 1), the necessity of de-

termining the Jownwash pattern is evident.

In the present report, an analysis is made of the effect oi ocean
waves on the lift force of a single hydrofoil restrained in heave and
pitch, based on the classical wave theory which assumes a sinusoidal
wave form. The resultant wake disturbance gererated by the hydrofoil
(time-dependent at any point located at a constant distance aft of the
foil), the downwaszh angle ¢, aud de/da are then determined. The result-
ant water surface shape at any distance aft of the foil 1s alsc found
in this analysis, giving a representation cf the wave pattern in which

the second foil o. a tandem system will be operating.

_ The study was carried out at the Experimental Towing Tank, Stevens
Institute of Technology, under Office of Naval Research Contract No.
Nonr 263-01.
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SYMBOLS

aspect ratio

surface wave amplitude

quasi-steady lift coefficient

total lift coafficient in waves

quasi-steady two-dimensional lift coefficient
wave velocity

mean hydrofoil chord

acceleration due to gravity

vertical displacement of hydrofsil from equilibrium, positive down-
wards

submergence of foil below smooth water surface

distance aft of 1/4-chord point of hydrofoil

time

longitudinal component of orbital velocity

velocity of foil

vertical component of orbital velocity

w,/V, change in angle of attack due to orbital velocity
hydrofoil angle of attack

circular frequency of encounter in following sea and head sea, re-
spectively

downwash angle

disturbance wave produced in smooth water
disturbance wave produced in waves

sea wave surface displacement

resultant wave surface displacement aft of hydrofoil
wave length of sea waves

© = phase angles

Subscript e denotes equilibrium condition
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BASIC ASSUMPTIONS UNDERLYING THE THEORY

This study is limited to the motion of a two-dimensional hydrofoil
restrained 1n heave and pitch and moving at ceonstant speed nnder a free
surface disturbed by sea waves. A linearized treatment 1s utilized in
considering the total lift to be the sum of the quasi-steady lift due to
motion at a fixed geometric engle of attack, the lift variation due to
the orbital velocities of the waves, and the lift variation due to change
in submergence, within the limits of the region of stali. The Iorces are
assumed to respond instantaneously to the wave influence. No consideration
is given to the effect on the foil lift of the vortices cast off irn the
wake due to the nonstationary flow. This assumptior i1s based on the fact
that the frequency is low and is not comparable in magnitude to flutter
frequencies. Thus, for stability anaiysis purposes, the unsteady flow ef-
fects can be neglected.
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PROPERTIES OF THE WAVZ MOTICN

The wave shape for a simple harmonic progressive wave moving from
left to right, and defined with respect to axes fixed in the fluid, 1s
given by

. 27
M =a sin"y (X - ct) . (1)

The origin of coordinates X = 0, ¥ = 0 1s taken at the undisturbed water
surface, and t = 0 1s taken at the instant the nodal point passes the
origin. The distance X 1s positive in the rigit-hand direction and Y 1is
positive upwards.

In a progressive harmonic wave, the fluid particles move in cir-
cular orbits and the horizontal and vertical components of orbital ve-
lecity and orbital acceleration at a depth h are

u, = a (2;\":) e"3mMA sin_zwr(x - ct) , 1
b (2)
v, = (—2;‘.—) e "MN cos 2;7 (X —ct) )

ke
]

2
0o =@ (_X_2'nc) e"3TMA cos—zg"(X - ct) ,
F(3)

2
0 =0 (—%7—(:-) e"2TA/A sin%?—(x - ct)

The absolute magnitude of the orbital velocity 1s then

V|l = a (2;c) e 2TA/A . (4)

For a wave propageting from right to left, the above equations for wave

profile, orbital velocities, and orbital accelerations are valid, pr -

vided the sign of the wave profile velocity, ¢, is changed,
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TOTAL LIFT VARIATION IN WAVES

The total lift developed by the hydrofoil is equal to the sum of the
quasi-steady lift of the foil moving under an undisturbed free surface, the
change in 1ift due to orbital motion, and the change in lift due to the

change in submergence cf the foil.

The quasi-steady lift coefficient for a two-dimensional hydrofoil is
given in Reference 2 as

Cg = 2mg (P = aghy) (5)

where ag is the geometric setting relative to the smooth water surface
(two-dimensional angle of attack), and P, and P, are dimensionless ex-
pressions dependent on depth and Froude number ¥2/gc', which express the
cfiect of the proximity of ihe free surface. For the small angles usu-
ally experienced'in the motion, the two-dimensionai lift coefficient may

~ Cg =2mpP, : (6)

For the purpose of applying the results of this investigation to
stability studies, a more reliable effect can be expected by utilizing

the expressions for lift coefficient and its derivatives that ave given
by three-dimensicnal considerations. Thus, the resulting wake disturbance
will then be connected with the forces produced by an actual three-dimen-

. sional hydrofoil. For an actual three-dimensional foil, 1t has been de-

that
‘ w-, mA 4 QL Sad =
%5 - opp md-+-8h fo
% TN v (8h/c') + 4mP, | i )
and hence i
TA + 8h/c’
C, =2mP, - {8)

s

A + (§h/c' ) + Amp, ’

; where a in this case is the actual angle of attack of the foil relative to
% the zcv0 lift angle.
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The form of CLS given by equation (8) may now be used to determine the
derivative of lifr coeflicient wiih respect to depth, which is found to be

9P
S mA e Bh/ct Py (327Py/cT) —Amph (A + BR/C) (9)
oh 74 + (8h/c’ ) + 4np, 9h 1 (w4 + (8h/c') + 4mP)? .

Since, in the linearized analysis, the coefficients are to be evaluated at
the equilibrium position and since the definition of H is deviation from
equilibrium depth, the relation

(3CLS> =<3C"s> 30
oh /e OH / =0 )

readily follows. The above derivations may also be found in Reference 1.

The major effect of the orbital motion on the lift of a hydrofoil is to
change the angle of attack. The angular chenge in lincarized form is expressed

as

{ =20 (11)

where V is the forward speed of the hydrofoil. By ignoring the lift variation
due to orbital accelerations and the change in longitudinal speed (orbital
velocity u,), the lift variation due to orbital motion may be espproximated by

(_4) )

as shown in Reference ..

The change in submergenc. occurs because of the local elevatiun or de-
pression of the fluid surface due to the wave motion. The change in lift co-
efficient due to change in submergence of the foil is then -pressed a3

(ac"\ (13)

rw A

The total lift coefficient for the hydrofoil in waves is now given by
oC, ac,

Cp =Gy Y0 (14)
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WAKE DISTURBANCE PRCDUCED BY THE HYDROFOIL

In studyiug the flow about a body moving with velocity V with respect
to the undisturbed fluid, it 1s more convenient to refer to axes fixed in
the body rather than in the fluid. The required transformation is

x =X —-Vt
y=Y (15)
t =t

where the origin x = 0 is taken at the quarter-chord point of the hydrofoil
and x is positive to the right (in the direction of motion). The wave pro-

file and orbital vertical velocity are then given as

N =a sinz—;‘"[x + (V - ¢)t])

(16)
v, =—a<2—;£)e"""/* cos %[z t (V- ¢)t]
for a following sea and as
N =a sinzT"[z + (V + c)t])
17)
v, = a(zzc)e"”"/* cos '%\z[x + (V +¢)t)

for a haad sea. The frequency of encounter for following seas and head seas

is given by (V —= c)/Aand (V + c)/A, respectively.

For a hydrofoil moving at speed V and situated at depth % under an
undisturbed free surface, the resultant surface wave disturbance (beyond
the first 1/4 wave length downstream) is given in Reference 5 as

&, - _CL‘C‘ e"‘/" sin:—: , {18)

vhere s is the distance measured aft of the hvdrofoil (s =-x). Since the
wave disturbance is proportional to the foil lift coefficient, it has been
assumed that the seme effect is true for the foil in waves where the lift
has a time-dependent sinusoidal variation. Thus, the wake disturbance pro-
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duced by the hydrofoil operating ir waves will also have a time-dependent
sinusoidal variation and is given by

2 . gs
{y = -C, c' e ¥V gin— J

RSy 3c,) g

Substituting the expressions for co and n from equations {11), (16), and

(17) gives the total lift coefficient in a following sea:

9c, \? \? ac, \? [
L 2nc\  _,, L . |27
C‘-r = C'-s " a\/( ahs) " (TV) et h/A(_a_a§> sxan(V - c)t - ¢:| . (20)

where
(ﬁ) e~2TA/A (oc"S>
b = t.an-l AY 22 . (21)
BCLS
dh

There is no dependence on the coordinate x since the lift ac*- at the
quarter-chord point of the foil, where » = 0. Equation (20) may be simpli-
fied by letting

2 2 /ac \2 ]
o\ 5 - G el
9h AV da

7=2—:(V—C)

r (22)

where ¥ 1s now a circular frequency of encounter, resulting in the form

C,_=C, +aBsin(yt - ¢) . (23)
T S

Similarly, for the case of a head sea,

C, =C, +aB sin(y’'t + @) , (24)
s
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where
2n
! '-7((V +tc) (25)

1s the circular frequency of encounter for head seas.

The wake disturbance produced by the hydrofoil operating in waves 1is
then

L _[C‘s + aB sin(yt - d>)Jc' e-eh/v? sin—f;;- (26)

for a foIlowing sea, ana

L = _[CL, + aB sin(y't + d))]c‘ e-M/v? gin 5: (27)

for a head sea.

With the mathematical development of the disturbance wave completed,
it is nowv possible to determine the water surface shape at any distance aft
of the foil, which will then represent the wsve psttern in which the second
foil of a tandem uystem will be operating. At a distance L aft of the quar-
ter-chord point of the foil (x = -~ L), the originsl sea wave pattern will
be represented, st time t, by

n = a sin(yt — ) (28}
for a following sea, and by

n = a sin(Y't - ) ' (29)
for a head sea, where

. 2nl

Wm— :

(30)

However, interest is centered on the resultant wave at the time t + L/V,
‘since at this tiwe the disturbance created Ly the foil at time t is felt

{44n the rear (x = -L), because of the time lag effect. Thus, st time

t + £/V, the resultant wave surface st = = - L in s following sea is
Tepresented by
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N, = asin(’vt +%— U'/> + 0, ' (31)

where { is the wave amplitude at s = Q due to a di.turbance produced at
time t. In this derivation, it is implicitly assumed that the existing sea
wave pattern and the disturbance wave are superposable and that no inter-
ference exists between them. The resultant wave patiern ui 2 = =L in u

following sea may now be expressed as

2
M, =C sin(yt + §) - C, o' esMY sinf/—f' , (32)
s

where

2 p e 2 ’ h ]
C a l*BzC' 26'2lh/V sin-h_"_wcle gsh/v 31n8—‘:cos/7—£-lll+¢
v? v \v

r (33)

2 .
sin(Lz - ‘.11) + Rc' e~V sin—g—‘s sind
tan! v v

o
"

.2 .
cos(%; - ¢) — Bc' e~8M¥ sxn-%% cosd

o

Similarly, the resultant wave shape at x =-L in a head sea is expressed as

2
= D sin(y't o) - CLsc'c"h/' sin%— ) (34)
where
p— 2 2 G \
D = @\ 1 + B3¢’ 2e-2eh/V sinzg—‘:'—ZBc'e""/' sing—fcos(-y‘—l_'- -y -¢>
v v v \ 7
r (35)
: ) .2, .
sin(zg; — Y| — Bc' e 8MY sxn-E%-sxn¢
., 4 v
v = tan~*
’ 3 \ z
cos {_'_yi ~ W) - Be'e8MY sing—’% cosd
\ ¥ v? J
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DETERMINATION OF DOWNWASH ANGLE ¢ AND OF de¢/da

The angle of attack at the rear foil of a tandem hydrofoil system is
dependent upon the mean downwash angle, €. The sense of € is positive when
it tends to reduce the angle of attack at the rear foil. It is determined
from the slcpe of the sinuscidal disturbance wave generated by the bound
vortex of the forward foil. The downwash angie ¢ is the flow angle at the
rear foil due to the disturbance wave created by thc forward foil. Thus,
it is not to be considered as being due to the influence of the orbital

velocity of the sea wave profile above the rear foil; it is found from the
expression for [ and not 7,.

For a hydrofoil in waves, the disturbance wave is represented by
equations (26) and (27) for following seas and head seas, respectively.
The wave slope at the surface i= then given as d{,/ds; the angle of down-
wash at a distance s behind the foil and at a depth h’' below the water
surface 1s expressed as

€ = ~ 4 e-sh/r?
ds
= [CL’ + cB sin(yt - ¢):|§Vc—; c-s(hemy/v? cos f,i (36)
for a following sea, and by
€ = [CL’ + aB sin(y't + ¢):|% e-stheny/v? cos% (37)

for a head sea.

By using the preceding expressions for €, the rate of change of down-
wash, de¢/da, can be easily found. The terms in the expressions for ¢ that
are functions of a are C,. B, and ¢: the derivative 3C /3a is given by
equation (7) and the derxvatxves 3B/da and dp/da are ngen below as

2
®_13 )
da 28 3da \ A

P
4"2 I 7A + Bh/c’ apl (32ﬂPl/c').-4n-3;L(nA +8h/c') 2
+P (38)
B tu + (Bh/c') +4mP, dh 1 (7A + (8h/c') + 4nP ]2
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and
£= 1 --tan ¢ 3CCL3> —tan ¢ (39)
% )+ tan?p (%s) da\ (1 + tandla

h/

The value of dc/du for a hydrofoil in a fo)lowing sea is then

de Ls B 3
da =I: ta ——sin(yt — &) —aB—— cos(yt —d>‘|' 8 emsanayrvt o &2

da % % . d 7’ Iz
oC
Lg 3B\? [ 3 gs
=[ ot z} + B k_aa) sin(yt - -9) e-sAeA 1Y cos—3 (40)
where
B h
S - e =2 (41)
Pa2!

Similarly, {or the hydrofoil in a head, sea,

\/( ) ( )am(-y t +¢>+a ):l -gviz' e-c(nw/n coa{—;- ) (42)

The change in angle of attack at the rear foil of a restrained tandem
hydrofoil system in waves is given by

[v] )

Aarlc - € (43)

where Go and € are evaluated at the location of the foil and are functions of
the wave properties.

Security information

ala e oinTr e T
vunriceatIAL

R—497
-13-




T % Sr——— e e o o T T R

CONFIDENTH AL
Securlty Informatlon

CONCLUSIONS

The equ.tions developed in the present report give expressions for
tne downwarh. agle and its rate of change with foil angle, for a hydrofoil
moving under a free surface disturbed by sea waves. Tiie total wave disturl.-

ance is assumed to be a linear superposition of the effects of the quasi -
steady lift end the time-dependent sinusoidal lift variation due to orbital
motion and cnange of submergencc. The resultant downwash angle, ¢, and its
rate of change, de/da, are then the sum of the contribution found for the
case of moticn under an undisturbed free surface (Reference 1) and a sinu-
soidal time-dependent componeit due to the sea wave influence. The phase
angles for the time-dependent components of € and de/da (relative to the
phase of the disturbing sea waves) arc negatives of each other for the fol-
lowing-sea and head-sea conditions. The frequencies for the time-dependent
terms in € and d€/da are, however, fundamentally different for the following
sea and head sea.
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